processes. The complexities of the environmental forcing parameters controlling these processes on short-timescales are discussed next.
Wave-Driven Erosion. Dunes erode when hydrodynamic forcing (total water levels) exceeds the elevation of morphological features on the dune, such as its toe or crest (e.g., Sallenger 2000) , bringing waves into contact with different portions of the dune. Total water levels are a combined effect of astronomical tide, regional storm surge, and wave-driven setup and runup. Wave-driven erosion of dunes can be simplified into three impact regimes: collision, overwash, and inundation. Each of these impact regimes has characteristic morphodynamic responses (Sallenger 2000) .
When total storm water levels are above the dune toe but lower than the dune crest, wave bores and swash collide with the dune, and the dune responds by slumping or scarping. Palmsten and Holman (2011) demonstrated that contact between waves and the base of the dune leads to infiltration, which in combination with impact forces from incoming wave bores (Larson et al. 2004 ) create failure planes and slope instabilities within the dune face. As the infiltrated wet dune sediment becomes heavier, the destabilizing forces on the failure plane exceed the resisting force of the sediment, and the wetted dune sediments slump off the dune face leaving a vertical scarp (Palmsten and Holman 2012; Nishi and Kraus 1996) . Depending on the magnitude of sequential wave runups, this slump block is then eroded away or remains at the toe of the dune, effectively increasing the elevation of the dune toe. Thus the magnitude of dune erosion during a storm event scales with the length of exposure of the dune face to incoming waves and the rate of infiltration into the dune, which is a function of the sediment characteristics that affect its hydraulic properties such as grain size distribution, bulk density, and organic content (Palmsten and Holman 2012) . Accurately predicting the frequency of wave contact with the base of the dune (an elevation which may evolve throughout the course of the storm) appears to be as important as the processes causing dune face failure. Laboratory (Palmsten and Holman 2012) and field investigations (Splinter and Palmsten 2012) , however, provide conflicting conclusions on whether the 2% exceedance elevation of runup or a lower elevation (e.g., 16% exceedance elevation) should be used when determining exposure timescales of the dune face.
Storm impacts that result in dune overwash and inundation are significantly more catastrophic to the dune system. Overwash occurs when total storm water levels exceed the dune crest whereas inundation occurs when mean storm water levels (tides + surge) exceed the dune crest. Overwash lowers dune crests and widens the gaps between dunes (Houser et al. 2008; Houser 2013) . In contrast, inundation initiates widespread dune system failure and removes sediment from the active sub-aerial coastline (Sallenger et al. 2007) . Alongshore variability in the height of dune systems can be significant (Thieler and Young 1991; Houser et al. 2008; Houser and Matthew 2011) and can lead to increases in rates of dune erosion during storms if there is lateral erosion of overwash channels (Pries et al. 2008; Houser 2013) . Specifically, Houser (2013) noted that the majority of dune crest elevation change during overwash is the result of lateral slumping of adjacent dune sidewalls that border the overwash channel, not overtopping of the dune itself. Inclusion of alongshore variations and gradients in dune crest elevations may therefore be important for accurately predicting dune morphological evolution in overwash regimes-processes that are not accounted for in one-dimensional (1D) cross-shore morphodynamic models.
Wind-Driven Recovery. Dunes recover when aeolian forces mobilize sediment on the subaerial beach and transport it landward, depositing it when wind speeds reduce due to flow feedbacks around topographic features and vegetation on the back beach (Hesp 1988; Hesp 2002; Davidson-Arnott 2010) . Wind stress, grain size, and sand supply exert the greatest control on sediment flux to the dune. However, other factors including the moisture content of the beach (from either precipitation, inundation by waves, or water-table effects ), vegetation type and cover (e.g., Buckley 1987; Hesp 1989) , topographic slope breaks ), grain size sorting, and bed roughness introduce complexities that affect the efficiency of these transport processes (Sherman and Hotta 1990) .
The available sand supply for the dune is a function of the available fetch distance, which in turn is a function of the instantaneous sub-aerial beach width and the direction of prevailing winds (Nordstrom and Jackson 1993; Bauer and Davidson-Arnott 2003; Hesp et al. 2005; DelgadoFernandez 2010) . Bauer and Davidson-Arnott (2003) note there is an important distinction between the available fetch (the wind-parallel distance across the sub-aerial beach) and the critical fetch distance-the needed sand fetch to achieve maximum sediment transport for a given wind speed and grain size. Critical fetch accounts for the distance it takes the saltation system to initiate and adjust to an equilibrium state. Critical fetch depends on both the relative beach-wind geometry as well as sediment characteristics, such as grain size and moisture content; however, a ubiquitous equation to predict critical fetch given these parameters does not presently exist and is an active area of research. Bauer et al. (2009) observed short-term variations (minutes to hours) in sediment transport rates on a narrow beach during the initiation of a storm event that were directly related to changes in wind speed and direction (and resultant critical fetch) over the same timescales. High-speed, shore-oblique winds generated the highest sediment flux to the dune. However, sediment moisture content varied in time with increasing precipitation associated with the passing of the storm and in space-time through alongshore and temporal variations in wave runup associated with the tide, growing wave heights, and spatially variable morphology ). The variations in moisture content mediated the effects of high winds. The observations of Bauer et al. (2009) demonstrate the important link between hydrodynamic and aeolian processes. Models that link these processes are necessary to estimate the available sand supply and predict sediment flux to the dune accurately.
As onshore or shore-oblique winds blow across the beach face, morphological features of the beach, such as the presence of beach cusps or tall berms, impact the air-flow field (Short and Hesp 1982; Hesp 1999; Walker et al. 2006; Hesp et al. 2013) . If beach morphology has low roughness, there is minimal flow disturbance, and sediment transport can reach a maximum whereas beaches with three-dimensional features such as cusps or berms lead to flow disturbances (accelerations and decelerations over morphology), which reduce aeolian sediment transport (Sherman and Lyons 1994; Sherman and Bauer 1993; Short and Hesp 1982) . Some field studies have observed the development of wind jets, localized high-speed flows on the timescales of seconds to minutes, which can rapidly transport significant amounts of sand over abrupt changes in topography such as the crest of the dune or beach scarps (Arens 1996; Hesp et al. 2013; Hesp and Smyth 2016) . Walker et al. (2009) observed the shoreward dune face steering near-surface flows, leading to variations in vertical wind profiles and sediment transport patterns over concave and convex dune shapes due to differences in slope and curvature. Airflow patterns over steep, shoreward scarped faces of dunes have been observed to lead to rapid rebuilding at the dune base (on the timescale of hours) during high winds (Aagaard et al. 2004; Christiansen and Davidson-Arnott 2004) . The type and density of vegetation on the dune also affects sediment transport processes by altering airflow over the sand surface, similar to topographic slope breaks and other surface roughness features (Hesp et al. 2013) . The vegetation absorbs momentum from the wind, reducing bed shear stresses and lowering sediment transport rates (Zarnetske et al. 2015) . Under some conditions, feedbacks between the vegetation and the airflow can cause the vegetation to offer additional protection for the bed as vegetation is deflected by the wind (Hesp et al. 2013) . Beach roughness elements, whether topographically or vegetation based, and the associated flow feedbacks are critical components of dune morphological evolution (e.g., Duran and Moore 2013).
MESO-TIMESCALES:
The morphodynamic evolution of coastal foredunes over years to decades is often the most pertinent timescale for making coastal management decisions (Elko et al. 2016 ). However, this timescale has received less attention compared with the short-term evolution or with the long-term evolution of the barrier island. Meso-scale coastal morphological evolution is a result of feedbacks and non-linear interactions between many physical processes, making this timescale complicated to study (see Ruggiero et al. [2016] for a discussion of processes affecting prograding beach-dune morphodynamics at decadal timescales). For example, a beach that experiences enough wind stress to initiate aeolian sand transport will not undergo dune growth if sand remains in surf-zone sandbars and the beach has short fetches resulting in a limited sediment supply (e.g., Houser 2009 ). This first sub-section will address surf-zone/beach/dune interactions at the meso-timescale and their effect on dune morphological evolution. The second subsection will then focus on the importance of sequences of storms.
Surf-Zone/Beach/Dune Interactions. The intertidal zone of beaches, where sandbars weld to the shoreline, is a large source of sediment for the sub-aerial beach (Aagard et al. 2004; Houser 2009; de Vries et al. 2014; Ruggiero et al. 2016 ). On intermediate and dissipative beaches, surfzone sandbars can migrate landward and weld to the shoreline, merging with the beach (Houser and Greenwood 2003; Masselink et al. 2006; Ruggiero et al. 2009; Cohn et al. 2015) . The process of bar welding creates large fetches, thereby increasing the potential for sediment flux to the dune (Davidson-Arnott 1988; Aagard et al. 2004; Anthony et al. 2006) . Hesp (1988 Hesp ( , 2012 notes that as the back beach grows in elevation, inundation by waves becomes less frequent, which results in decreasing moisture content and increasing likelihood for aeolian transport and dune growth. Intermediate and reflective beaches may have steep foreshores and variable topography that create variations in the wind field across the profile and may limit aeolian transport despite a seemingly wide beach (Sherman and Lyons 1994; Hesp 1999 ). Thus, surf-zone/beach state (Wright and Short 1984) climatology can be linked to dune morphological evolution on the meso-scale such that beaches that tend to be wide, flat, and dissipative have the maximum potential for aeolian transport, and steep, narrow, reflective beaches have the least potential for aeolian transport. Intermediate beaches oscillate between these two end-points in both space and time depending upon the morphodynamics of the system (Hesp 2012; Houser and Hamilton 2009) . While the surfzone and dune may interact explicitly during extreme events, during the majority of conditions the sub-aerial beach acts as the link between these two systems. Subaerial morphology (elevation, width, topographic variability), as discussed above, can therefore exert control on the processes responsible for dune growth and evolution. Predicting the morphology of the beach at the shoreline is still an active research topic, particularly at these meso-timescales, and may be a critical component of predicting coastal foredune evolution.
Importance of Storm Sequencing. Lee et al. (1998) first recognized the importance of sequential storms on the morphology of the beach/nearshore system, noting that several storms in quick succession can lead to rapid erosion of the nearshore profile since the profile cannot recover between storms. Lee et al. (1998) noted that a series of moderate storms can have an equal or greater cumulative effect than a single large storm. Splinter et al. (2014) suggested that erosion during a given storm event is a function of the storm itself and the antecedent condition of the beach (recent storm history). Splinter et al. (2014) found that cumulative wave power and cumulative energy density explained more than 94% of the variability in modeled dry beach erosion during the passage of seven storms in a 6-month period on the Gold Coast of Australia.
In a study of the recovery of Santa Rosa Island, FL, to Hurricanes Opal, Ivan, and Katrina, Houser and Hamilton (2009) noted that alongshore variations in both storm impacts and recovery events were correlated to locations of historical storm impacts and resultant pre-storm morphology. They found that if the beach-dune system does not have adequate time to recover before the next large storm event, alongshore variations in topography and island recovery were reinforced by the subsequent storms (Houser and Hamilton 2009 ). This suggests that periods of frequent storms may lead to alongshore variable morphology, which increases island susceptibility to future events (Houser 2013 ) and decreases coastal resilience. Houser et al. (2015) developed a conceptual model for post-storm beach and dune recovery. They noted that the discrepancy in timescales between erosion (hours to days) and recovery (years to decades) of dunes creates a system that is highly sensitive to sequences of storms and noted the effect of the sensitivity on the coupled morphodynamic response of the sub-aerial beach and surf-zone system. Storm frequency may also modulate ecomorphodynamic feedbacks because periods of frequent or large magnitude storms promote burial tolerant species that recolonize overwash deposits and lead to lower dunes (Duran and Moore 2013; Wolner et al. 2013) . In contrast, if there is sufficient time between storms, dune grasses will begin to colonize the area and trap wind-blown sand promoting high-elevation dunes that are less likely to be inundated frequently during storms (Duran and Moore 2013). Bio-physical feedbacks between species growth rates, trapping efficiency, and the wind-flow can be integrated over multi-annual timescales to explain variations in dune morphological characteristics under similar physical forcing (Zarnetske et al. 2015) .
MULTI-DECADAL-TIMESCALES:
Few studies documenting beach and dune morphological evolution at multi-year to multi-decadal timescales exist, largely due to funding constraints on collecting morphological monitoring data sets at these long timescales. The authors have identified four studies along the U.S. west and Gulf coasts, and Australian southeast coasts that are notable exceptions. Ruggiero et al. (2016) documented the morphodynamic evolution of high-energy, prograding, dissipative beaches in the Columbia River littoral cell in the U.S. Pacific Northwest over seasonalto-century timescales using observations and models. They observed two types of dune growththe progradation and development of new dune ridges (e.g., Long Beach, WA) and the vertical aggradation of a single dune ridge (e.g., Clatsop Plains, OR). The prograding dune grew seaward at a rate of 5.31 meters/year (m/yr) and upward at a rate of 0.36 m/yr whereas the aggrading dune grew seaward at a rate of 3.47 m/yr and upward at a rate of 0.49 m/yr. Ruggiero et al. (2016) showed that onshore intertidal sandbar migration during calm conditions at both sites led to progradation and aggradation of the subaerial beach of roughly 10 m 3 /m/yr at decadal timescales. These bar-welding events then generated large fetches and sediment fluxes to the foredune. Ecomorphodynamic feedbacks between vegetation species and sediment supply explained the development of either multiple prograding dune ridges or high aggrading single dune ridges. Houser et al. (2015) used a series of airborne lidar topographic data sets from 2004 to 2010 to study the evolution of Santa Rosa Island, FL, during the passage of Hurricanes Ivan, Dennis, and Katrina. Santa Rosa Island is a dissipative, low-energy beach with alongshore variable nearshore bathymetry (a series of transverse ridges; Houser et al. 2008) . Houser et al. (2015) investigated spatial and temporal variations in the rate of foredune growth and recovery following overwash during the passage of the hurricanes. They observed that recovery rates followed a sigmoid curve but with large alongshore variations in growth rate (~0.1 to ~0.55 m/yr), which was inversely correlated to pre-storm dune height. The dunes on Santa Rosa Island did not begin to recover until the profile reached its pre-storm elevation. Houser et al. (2015) also compared these recovery rates and patterns to data from Galveston Island, TX, from Morton et al. (1994) (presented below) and observed slower growth rates for Santa Rosa Island. Morton et al. (1994) observed the evolution of a series of cross-shore profiles along Galveston Island, TX, from 1983 to 1993. Galveston Island is a micro-tidal, low-wave energy, intermediate beach that was subjected to a series of hurricanes in the 1980s. The hurricanes caused significant dune erosion in some locations and complete removal of the foredune in other locations. Morton et al. (1994) noted that dune regrowth was greatly hampered on developed portions of the island where coastal structures confined beach widths and did not provide accommodation space for aeolian transport and dune re-growth. Morton et al. (1994) observed that beach and dune recovery required 4 to 5 years for dunes to reach their pre-storm elevation and that only a few locations along the island completely recovered. Morphodynamic feedbacks with the surf-zone and various alongshore hydrodynamic and engineered features (tidal inlets, jetties, crescentic nearshore bars) created highly alongshore variable recovery rates. 
SUMMARY OF FINDINGS:
Models of dune morphological evolution on meso-timescales must incorporate short-and medium-term forcing and environmental factors, such as vegetation and variation in regional morphology. A numerical modeling framework (discussed in Part 2) is based on the significant findings summarized below.
• The frequency, duration, and elevation of wave contact with the dune exerts a primary control on dune erosion processes at both short-(e.g., during a storm) and meso-timescales (e.g., sequences of storms).
• Alongshore variations in dune morphology can enhance erosion at both short-(e.g., allowing for lateral erosion during overwash) and meso-timescales (e.g., increased susceptibility to damage in persistent locations during stormy periods).
• Wind speed and fetch distance exert the primary controls on whether sub-aerial beach sediment is mobilized and transported to the dune. The timing of precipitation and high frequency variations in wind speed and direction relative to the beach orientation at the beginning of coastal storms can have large effects on whether aeolian sediment transport occurs during coastal storms.
• Hydrodynamic, aeolian, and ecological processes must be integrated to accurately predict the available sand supply, resultant sediment flux to the dune, and the dune geomorphology. To that end, the relative timing of wind speeds, precipitation, and water levels is what drives dune evolution at short-timescales whereas at meso-timescales the specific sequencing of these storms may be most important for determining dune evolution.
• Wide, flat, and dissipative beaches have the maximum potential for aeolian transport. Steep, narrow, and reflective beaches have the least potential for aeolian transport. Subaerial morphology (elevation, width, topographic variability) can therefore exert control on the processes responsible for dune growth and evolution.
• The four studies documenting meso-timescale observations demonstrated how nearshore evolution through sandbar welding can promote foredune progradation and vertical accretion, how vegetation can affect dune evolution, and the importance of pre-storm morphology recovery of beach width and engineered features.
